Abstract. Molybdenum layers act as wetting and adhesion promoters of Copper to Carbon. To trigger the adhesion promoting property of Mo a temperature treatment of at least 600°C under High Vacuum (HV) conditions is necessary. This step transforms Mo to a Mo-carbide. It is the intention of this paper to investigate the effects of heat treatment below and above the carbidzation temperature on Cu films located on top of a Mo interlayer. Cu films of 1 µm thickness were deposited on 100 nm thick Mo layers. Both films were deposited at room temperature (RT) by magnetron sputtering using Ar as working gas. Vitreous Carbon (Sigradur G) served as substrate. The samples were subjected to a temperature treatment at 200°C, 400°C and 800°C under HV for 1 to 15 minutes. Morphological changes of the Cu surface were followed by Atomic Force Microscopy (AFM). The as deposited Cu coatings exhibit features with an average diameter of approx. 50 nm. Prolonged temperature treatment at 200°C showed no significant effect on the Cu surface morphology. Significant recrystallization occurred at 400 and 800°C. Grains with a mean diameter of 5 -10 µm were formed. Temperature treatment at 400°C yields two dimensional flat crystallites while three dimensional grains form at 800°C. Adhesion tests and a chemical analysis of the Mo-interlayer by Auger Electron Spectroscopy (AES) showed that the formation of Mo-carbide is indeed necessary for adhesion improvement, while the observed recrystallization only has a minor effect on the adhesive properties of the Cu coating.
Introduction
A combination of Copper and Carbon is expected to yield a material with excellent thermal conductivity and a tunable coefficient of thermal expansion (CTE). A possible application of such a composite material can e. g. be a heat sink for electronic high power switching components where it is crucial that (i) heat is removed effectively and (ii) the difference of the CTE of the heat sink and the device is low enough to prevent crack formation in the device.
Cu-C Metal Matrix Composites (MMC's) which can consist either of C-granulates, fibers or diamond particles dispersed in a Cu matrix as homogenously as possible are usually formed by uniaxial or isostatic hot pressing procedures. Therefore in all cases the material is subjected to a heat treatment. In preceding work of the authors [1] it was found that a thin Mo interlayer acts as an excellent adhesion promotor between Cu and C, especially when the system is subjected to temperatures around 800°C. This effect can partially be explained by the formation of a Molybdenum Carbide (Mo 2 C) at temperatures around 800°C [2, 3, 4] . It is the intention of this work to investigate the effect of heat treatment at different temperatures on the recrystallization of a Cu-film deposited on the Mo bond layer and to clarify the influence of heat treatment, recrystallization and interdiffusion of C and Mo on the adhesive properties of Cu on a Mo coated C substrate.
Experimental
All film systems were deposited by magnetron sputtering (working gas: Ar, Ar pressure: 0.4 Pa, distance Target/substrate: 10 cm) on glassy carbon substrates (SIGRADUR G [5] ) with an area of 10x20 mm² and a thickness of 2 mm. Further details about the deposition system are given in [1] .
After de-greasing and drying [1] the substrates were inserted into the deposition chamber via a load-lock system. After a base pressure of 10 -4 Pa was reached they were coated with 100 nm Mo at room temperature (RT) with a deposition rate of 0.5 nm/s. Right afterwards Cu-coatings with a thickness of 1 µm were deposited at RT with a rate of 3 nm/s.
After deposition selected samples were subjected to thermal treatment within a special heat treatment chamber which allows for rapid sample exchange. The duration of thermal treatment ranged from 1 to 15 minutes under high vacuum (p = 10 -4 Pa). The annealing temperature was held at 200°C, 400°C and 800°C and was monitored by a well calibrated type K thermocouple which was in direct contact with the sample surface.
To obtain information on the recrystallization process of the Cu coating surface topographs of as deposited and heat treated samples were obtained by a TOPOMETRIX Explorer AFM in contact mode with a Si 3 N 4 -Tip (50° opening angle). All AFM images were subjected to a 2 nd order levelling procedure to remove global tilts of the sample surfaces. In addition the topographic images were subjected to a shadowing procedure to enhance morphological details. To determine the macroscopic adhesion of the Cu-coating to the Mo coated C surface a destructive pull-off adhesion test was used. Changes in the chemistry of the Mo-coating due to heat treatment were finally monitored by depth resolved Auger Electron Spectroscopy (AES) within a VG Microlab analysis system.
Results and Discussion
In the following the influence of thermal treatment at different temperatures is discussed in comparison to the as deposited layer systems. Fig. 1 shows AFM topographs of the substrate surface (Fig. 1a) , the surface of the Mo interlayer (Fig.  1b) and of the surface of the Cu film (Fig. 1c) . All coatings show a fine grained surface structure with grain diameters of approx. 20 -50 nm which is in good correspondence with the zone 1/zone T structure of Thorntons structure zone model. In addition it can be seen by comparison of Fig. 1a, 1b and 1c that the surface morphology of the Cu overlayer is not significantly coarser than that of the C substrate or of the Mo interlayer. Heat treatment at 400°C and 800°C, on the other hand, significantly changed the crystallite structure of the Cu overlayer (Fig. 2) . While crystallite formation is essentially 2-dimensional at 400°C and 15 min treatment time (Fig. 2a) , well developed 3d crystallites form after 15 min in the case of annealing at 800°C. This behavior may be interpreted as follows: at 400°C the heat energy introduced into the system is enough to lead to grain boundary migration parallel to the substrate, which triggers a 2d growth of crystallites with energetically favorable free surfaces. At 800°C, however, there is enough energy to additionally further 3d faceting of the Cu crystallites and to drive the system close to the equiaxed thermodynamic equilbrium shape of the crystallites. The increased surface roughness which develops upon annealing at 800°C may also be caused by thermal grain boundary grooving in the Cu coating (which was observed for Cu coatings deposited on pure C substrates [1] ) or by the selective evaporation of volatile oxides which may form on the coating surface during heating. 3 shows the adhesion values for the differently heat treated systems. A common result of the puloff test was that either the Mo-coating was separated from the C sustrate or the pull-off stud was separated from the Cu surface. The interface between Cu and Mo never failed. It is visible from Fig. 3 that heat treatment at 400°C has no significant influence on the adhesion of the Cu film to the Mo coated substrate regardless of the duration of the heat treatment. At 800°C, on the other hand, even after 1 min of heat treatment the adhesion strength is significantly increased. This observation indicates that recrystallization (and, associated with it, the eventual relaxation of growth stresses) is not a primary mechanism of adhesion improvement. At 500°C, C can be detected close to the Mo-C interface, penetrating the Mo film to approx. one third of its thickness (see arrow in Fig. 4 ) Therefore it can be concluded that a Mo-carbide (thermodynamically most probably Mo 2 C [6] ) is formed at an annealing temperature of approximately 500 -600°C. The formation of this carbide leads to the adhesion increase of the Cu coating. Interpenetration of Cu and Mo, investigated by AES on samples with a Cu overlayer, was not observed.
As deposited systems

Fig 4.
Chemical composition of the Mo interlayer after annealing for 1 min at three different temperatures; only one AES profile for Mo is displayed due to the similarity of the depth resolved Mo-concentration profiles for all samples.
Conclusion
The influence of temperature treatment for various temperatures and treatment times was observed for magnetron sputtered Mo and Cu films on substrates of vitreous carbon. Significant recrystallization of the Cu top layer of the system could be observed at temperatures as low as 400°C. Crystallites formed at 400°C were two dimensional with the free crystallite surface parallel to the substrate surface. At 800°C three dimensional crystallites can be observed with facets oblique relative to the substrate surface.
Recrystallization had no significant influence on the adhesion of the Cu layers on the Mo covered C substrate, so the dependence of the chemistry of the Mo layer on teperature was investigated. The formation of Mo carbide was observed at an onset temperature of approx. 500°C-600°C.
Therefore it can be concluded that the temperature range between 500°C and 600°C will be a threshold value for activating Mo as an adhesion promoting film in Cu-C composite materials. Future investigations will (i) be directed towards a more detailed investigation of this range of annealing temperatures, (ii) will focus on the effect of deposition temperature of the Mo and the Cu coating on the crystallographic and adhesive properties of the system and (iii) will be devoted to a detailed study of carbide formation in the Mo interlayer, where grain boundary diffusion might play a significant role.
